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Summary
Background: Budding yeast is a unique model for exploring
differential fate in a cell dividing asymmetrically. In yeast, spin-
dle orientation begins with the old spindle pole body (SPB)
(from the preceding cell cycle) contacting the bud by its exist-
ing astral microtubules (aMTs) while the new pole delays astral
microtubule organization. This appears to prime the inheri-
tance of the old pole by the bud. The basis for this asymmetry
and the discrimination of the poles by virtue of their history
remain a mystery.
Results: Here, we report that asymmetric aMT organization
stems from an outstanding structural asymmetry linked to
the SPB cycle. We show that the g-tubulin nucleation complex
(gTC) favors the old spindle pole, an asymmetry inherent to the
outer plaque (the cytoplasmic face of the SPB). Indeed, Spc72
(the receptor for the gTC) is acquired by the new SPB outer
plaque partway through spindle assembly. The significance
of this asymmetry was explored in cells expressing an
Spc721–276-Cnm67 fusion that forced symmetric nucleation
at the SPB outer plaques. This manipulation triggered simulta-
neous aMT organization by both spindle poles from the outset
and led to symmetric contacts between poles and the bud,
effectively disrupting the program for spindle polarity. Tempo-
rally symmetric aMT organization perturbed Kar9 polarization
by randomizing the choice of the pole to be guided toward the
bud. Accordingly, the pattern of SPB inheritance was also
randomized.
Conclusions: Spc72 differential recruitment imparting asym-
metric aMT organization represents the most upstream deter-
minant linking SPB historical identity and fate.
Introduction
Spatial control of chromosomal segregation entails targeting
the mitotic spindle poles to opposite ends of dividing cells.
In most animal cells, centrosomes migrate in opposite direc-
tions to position the spindle, a symmetry-breaking event gov-
erned by asymmetries built into the centrosomal pathway [1]
priming asymmetric astral microtubule (aMT) dynamics in
partnership with force-generating motor proteins and nu-
clear-envelope or cortical sites [2]. Moreover, polarized cells
dividing asymmetrically can instruct spindle alignment2These authors contributed equally to this work
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centrosome fate so that chromosomal segregation occurs
along the axis of cell polarity laying out those landmarks [3,
4]. These fundamental principles can be effectively modeled
in S. cerevisiae, the first system to reveal an invariant pattern
of inheritance linking asymmetric spindle pole history and
fate [5] based on asymmetric aMT organization [6]. Since
then, similar functional asymmetries for biased spindle orien-
tation, along with a pattern of centrosomal inheritance, have
been observed in model stem cell divisions in flies [7–10] and
in mice [11]. Importantly, disruption of spindle orientation
with concomitant imbalance in stem cell self-renewal may
affect development or lead to cancer [12–14].
The yeast counterpart of the centrosome, the spindle pole
body (SPB), while inserted in the nuclear envelope throughout
the cell cycle, organizes separately the spindle microtubules
(MTs) and aMTs from its nuclear and cytoplasmic faces,
respectively [15, 16]. aMT organization is intrinsically asym-
metric along the yeast spindle pathway [6, 17]. Initially, the
‘‘old’’ SPB inherited from the preceding division becomes
dynamically tethered through its existing aMTs to cortical
landmarks in the bud. At the G1-to-S phase transition, a
‘‘new’’ SPB connected by a bridge to the old SPB assembles
[16]. SPBs then separate to form a spindle (each keeping a
half-bridge), and the new SPB, initially unable to organize
aMTs, moves away [6]. Later, a new area of aMT capture de-
velops at the bud neck, confining the new SPB to the mother
cell, despite de novo aMT organization from this pole [18].
With polarity thus established, the spindle aligns, and the old
SPB becomes committed to entering the bud (and it is thus
referred to as SPBbud, the SPB destined to the daughter cell
[5, 19]). It is remarkable that this pattern of inheritance linked
to SPB history is maintained despite both ‘‘old’’ and ‘‘new’’
SPBs engaging to some extent in dynamic exchange and sym-
metric addition of components later in the cell cycle [16]. Here,
‘‘old’’ and ‘‘new’’ denote inherent chronological history irre-
spective of protein composition.
MT nucleation is promoted by the g-tubulin complex (gTC),
the core components of which are conserved from yeast to hu-
mans [16, 20]. In budding yeast, a Tub4 (g-tubulin)-Spc98-
Spc97 complex [16] is targeted to the SPB cytoplasmic face
(the outer plaque) and the adjoining half-bridge via Spc72
and to the nuclear face (the inner plaque) via Spc110 [21].
The gTC gains nuclear access through a nuclear localization
sequence (nls) in Spc98 [22]. aMTs emerge preferentially
from the SPB outer plaque during most of the cell cycle. How-
ever, during the G1 phase, aMTs emerge from two locations:
the (half-) bridge and the outer plaque [23], dependent on
Spc72 partition between these two sites by binding to Kar1
[24] and Nud1 [25], respectively. In turn, Nud1 localization re-
quires the outer plaque component Cnm67 [26].
An extrinsic mechanism enforcing asymmetric SPB fate in-
volves Kar9, a protein found at both poles at the onset of
SPB separation that is progressively polarized, marking the
SPBbud during spindle assembly [27, 28]. Kar9 translocates
from the SPB to aMT plus ends in association with Bim1, the
yeast EB1 homolog, while acting as cargo for the type V
myosin Myo2 [29]. Asymmetric localization ensures that
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polarized actin cables [17, 27, 30, 31]. How Kar9 polarization
is achieved remains controversial. Multiple posttranslational
modifications have been implicated, although the involvement
of CDK in particular has been the topic of contrasting reports
[30–33]. Furthermore, the respective impact of thosemodifica-
tions on Kar9-Bim1 complex formation, its dynamics, or Kar9
polarized localization remains unclear [34–36]. Recently,
phosphorylation by a mitotic exit network (MEN) kinase some-
how linked to the MEN-specific function of Nud1 [37] was
implicated in Kar9 retention by the old SPB. An alternative
cytoskeletal-centric proposal favors instead the possibility
that asymmetric aMT organization links Kar9 bias to the old
SPB. This proposal considers Kar9’s inherent ability to build
polarity as part of a positive feedback loop by which delivery
of aMT plus ends sustains Kar9 recycling on receding aMTs
to the pole engaged by these transports [27]. Such feedback
mechanisms represent a recurrent theme in staging symmetry
breaking [38–40]. Other structural asymmetries linking SPB
history and fate are not contemplated by current models [16].
Here, we report an outstanding structural asymmetry
inherent to the SPB cycle. Spc72, the cytoplasmic receptor
for the gTC, accumulates at the new SPB outer plaque partway
through spindle assembly. Forcing the symmetric recruitment
of the gTC by an Spc721–276-Cnm67 fusion caused simulta-
neous aMT organization at spindle poles at the onset of spin-
dle assembly. Temporal symmetry translated into symmetric
contacts between the spindle poles and the bud cell cortex.
Nevertheless, symmetry breaking still occurred, allowing for
spindle orientation, but SPB inheritance became randomized.
Whereas wild-type cells strongly biased Kar9 accumulation at
the old SPB from the outset, cells expressing the fusion polar-
ized Kar9 but no longer linked that choice to the old SPB. We
therefore propose that temporally asymmetric aMT nucleation
directed by Spc72 recruitment is themost upstream functional
asymmetry linking SPB history and fate.
Results
Spc72, the Receptor for the gTC Nucleating aMTs, Is
Positioned Asymmetrically during Spindle Assembly
For exploring the bases for the asymmetric pattern of aMT or-
ganization along spindle assembly linked to SPB history, the
localization of SPB determinants for nucleation was revisited.
First, localization of Tub4-GFP (g-tubulin) at endogenous
levels was assessed relative to the central-plaque component
Spc42 [16] fused to CFP. Tub4-GFP marked both poles at the
onset of SPB separation (Figure 1 A); however, the label was
stronger at one pole (a and b, yellow arrowheads). As the
pole-to-pole distance increased, the label became more
symmetric (c). A similar trend was observed in kar1D15 cells
(Figure S1A available online), in which the contribution to
nucleation by the bridge is abolished [24]. After spindle align-
ment, the pole directed toward the bud, presumably the old
SPB, carried the stronger signal. Indeed, when localization of
Tub4-GFP was referred to Spc42 fused to the slow-folding
RFP, a marker that only fluoresces at the previously assem-
bled old SPB [5], the stronger Tub4-GFP label colocalized
with the RFP signal (Figure S1B), a correlation also apparent
when Spc42-mCherry was used as a reference (Figure S1C).
The linescan analysis was validated by measuring label
intensities and calculating the ‘‘asymmetry index’’ [37]. This in-
dex is obtained by dividing the difference between fluores-
cence label intensities at the old and new SPBs by the totalfluorescence. The value can range from 21 (label only at the
new SPB) to +1 (label only at the old SPB), with 0 reflecting
symmetry. The distribution of index values in unperturbed
cells (Figure 1 B) denoted a bias of Tub4-GFP toward the old
SPB in short spindles, whereas the label was significantly
more symmetric (p < 1025) in elongated spindles.
The Tub4-GFP label observed represents the potential
accumulation of the gTC at three sites: the SPB outer plaque
and bridge via Spc72 and the inner plaque via Spc110 [21].
Given that SPB separation in yeast is coupled to spindle as-
sembly (a process that requires intranuclear MTs organized
by both SPBs [16]), we hypothesized that the asymmetry
observed might be contributed, at least in part, by the cyto-
plasmic recruitment of the gTC. Moreover, given that the
asymmetry persisted in kar1D15 cells (Figure S1A), it might
be intrinsic to the SPB outer plaque. We therefore tested other
components of the SPB for asymmetric behavior. To this end,
we determined the pattern of localization of Spc72-GFP at
endogenous level. Wild-type cells exhibited strongly asym-
metric Spc72-GFP label at the onset of SPB separation (Fig-
ure 1 C); the signal was very weak at the new pole, an effect
more pronounced in kar1D15 cells (Figures 1D and 1E), high-
lighting a weak contribution of the half-bridge to the label of
the new pole in wild-type cells. As was the case for Tub4, the
Spc72-GFP label of the new SPB increased along the spindle
pathway, becoming symmetric in fully elongated spindles
(Figures 1D and 1E). Spc72 partitions between the SPB outer
plaque and the half-bridge during G1 phase. Thus, Spc72
localization during G1 phase persists in unperturbed kar1D15
cells [24]. In agreement with this precedent, asymmetric re-
tention of Spc72 proved intrinsic to the old SPB outer plaque
(Figures S1C–S1H). Finally, as expected from the complete as-
sembly of the inner plaque prior to spindle formation [41],
Spc110 marked both poles symmetrically (Figure S1I).
In contrast to Spc72, two other underlying components
of the outer plaque Cnm67 (data not shown) and Nud1 local-
ized symmetrically at the onset of SPB separation (Figures
S1J and S1K). Accordingly, Spc72-YFP still exhibited strongly
asymmetric association when scored relative to Nud1-CFP in
wild-type or kar1D15 cells (Figures 1F–1H), demonstrating
that Spc72 localization represented the most upstream
asymmetry linked to SPB history persisting in preanaphase
spindles, an asymmetry also retained by cells after prolonged
hydroxyurea-induced arrest (Figures S1L–S1O).
Tethering the gTC-Binding Domain of Spc72 by Fusion to
Cnm67 Forces Symmetric Recruitment of Cytoplasmic gTC
To address the biological significance of the asymmetry in new
SPB outer-plaque assembly, we constructed a strain express-
ing a fusion between the gTC-binding domain of Spc72 (amino
acids 1–276) and full-length Cnm67 (Spc721–276-Cnm67) fol-
lowed by CFP, in the absence of endogenous Spc72 and
Cnm67. As expected, localization of this fusion was symmetric
at the onset of SPB separation (Figure S2A) and suppressed
the synthetic lethality between cnm67D and kar1D15, in
agreement with previous characterization of a similar fusion
[25]. At the same time, cells carrying the fusion retained the
correct localization of Nud1 to SPBs (100%, n = 500) required
for activation of the MEN, a function not bypassed by the
Spc721–276-Cnm67 fusion [25].
Supporting the notion that Tub4-GFP asymmetry may stem
from Spc72 initial absence at the new SPB, cells expressing
the fusion exhibited a marked increase in Tub4-GFP sym-
metric label relative to the CFP-tagged fusion (Figure S2).
Figure 1. Tub4 and Spc72 Are Localized Asymmetrically During Spindle Assembly
(A) Representative images of wild-type cells expressing Tub4-GFP (in green) and Spc42-CFP (in magenta) showing the extent of Tub4 accumulation with
respect to a component of the SPB central plaque. Linescans for fluorescence intensity along the spindle axis are also shown. Tub4-GFP labeled the spindle
poles asymmetrically at the onset of spindle assembly (a and b), and symmetry increased with spindle pole distance such that Tub4-GFP label was
essentially symmetric partway through spindle elongation (c). a.u., arbitrary units.
(B) Distribution of the Tub4 asymmetry index in short versus elongated spindles of a wild-type cell population (p < 1025).
(C–E) Asymmetric association of Spc72 with spindle poles in wild-type versus kar1D15 cells. (C and D) Representative images of wild-type (C) or kar1D15
cells (D) expressing Spc72-GFP (in green) and Spc42-CFP (in magenta). (E) Modes of Spc72-GFP label at landmark stages of the spindle pathway in asyn-
chronous populations of wild-type versus kar1D15 cells (n > 300). The proportion of cells that were labeled at a single spindle pole was markedly increased
when the contribution of the bridge was eliminated by the kar1D15 allele. Symmetry increased along the spindle pathway in both strains, demonstrating that
this process involved the recruitment of Spc72 at the new SPB outer plaque.
(F–H) Spc72 represents the most upstream asymmetric marker of the SPB outer plaque during spindle assembly. (F) Representative images for Spc72-YFP
(in green) localization relative to Nud1-CFP (inmagenta) in kar1D15 cells. Spc72 labeled one pole (a and b) or was asymmetric in short spindles (c). (G)Modes
of Spc72 localization relative to Nud1 in cells with short spindles scored in asynchronous cell populations (n > 400). (H) Distribution of asymmetry index for
Spc72 relative to Nud1 in wild-type versus kar1D15 cells (p < 1025) in short spindles of cell populations. Scale bars represent 2 mm. Figure S1 presents sup-
porting analyses validating the inherent ability of the old SPB outer plaque to retain Spc72.
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Figure 2. Spc721–276-Cnm67 Forces Symmetric Recruitment of the gTC to the SPB Outer Plaque
(A and B) Representative images for Spc98nls2-GFP localization in cells with short spindles paired to linescan analysis. Scale bars represent 2 mm. (A) Asym-
metric marking of spindle poles in wild-type cells (a and b) and a kar1D15 cell (c) by Spc98nls2-GFP (in green) relative to Cnm67-mCherry (in magenta). Label
favored the old SPB (yellow arrowheads). (B) Symmetric Spc98nls2-GFP label (in green) at the onset of spindle assembly promoted by Spc721–276-Cnm67-
mCherry fusion (in magenta) replacing endogenous Spc72 in a cnm67D.
(C) Modes of label by Tub4-GFP or Spc98nls2-GFP in cells with short spindles scored in asynchronous cell populations. In both cases, symmetry was mark-
edly increased by Spc721–276-Cnm67, demonstrating the effect of this construct on recruitment of the gTC at the SPB outer plaque. Figure S2 further val-
idates the properties of Spc721–276-Cnm67 and outlines genetic interactions in spindle checkpoint mutants.
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interaction with a bub2Dmutation, allowing for the accumula-
tion of cells exhibiting premature mitotic exit, consistent with
an observed spindle-position checkpoint-dependent delay
during anaphase (Figures S2B and S2C).
To further establish that symmetric gTC recruitment
involved the outer plaque, we constructed a series of strains
ectopically expressing a GFP fusion to a mutant Spc98nls2
lacking nuclear localization [22], in addition to endogenous un-
tagged Spc98 (for viability). GFP-Spc98nls2 exhibited asym-
metric localization favoring the old SPB in both wild-type
and kar1D15 cells during spindle assembly (Figure 2A),
demonstrating that asymmetry indeed operated at the level
of SPB outer plaques in reference to a Cnm67-mCherry fusion
(marking more strongly the old SPB). By contrast, in the pres-
ence of Spc721–276-Cnm67-mCherry, GFP-Spc98nls2 deco-
rated SPBs symmetrically in w80% of cells (Figures 2B and
2C). Increased symmetry and loss of a bias toward the old
SPB were also detected with Tub4-GFP, above any contribu-
tion of the nuclear label (Figures 2C and S2D). Taken together,
these results show that Spc72 presence was necessary and
sufficient to initiate sites for nucleation at the new SPB.
Thus, Spc72’s timely association with the new SPB outer pla-
quemay set the temporal asymmetry in recruitment of the gTC.The Spc721–276-Cnm67 Fusion Disrupts the Program of
aMT Organization Linked to SPB Historical Identity
Spindle polarity is established by a temporal program of aMT-
cortex interactions coupled to spindle morphogenesis, a pro-
cess that can be followed using aMT-mediated labeling by a
dynein heavy chain-GFP fusion (Dyn1-GFP) as a readout [6].
In wild-type cells, the fusion marks the old SPB throughout
G1–S phases. Following SPB separation to a distance of
w1 mm, label begins to accumulate at the second pole, reflect-
ing de novo aMT organization at the new SPB. It is this lag that
prevents aMTs from the new SPB from gaining access to the
bud once a barrier set by Bud6 at the bud neck comes into ef-
fect [18, 42–44].
To challenge the premise that asymmetric aMT nucleation
may be critical for the establishment of spindle polarity, we
asked whether the symmetric localization of the gTC coinci-
dent with the SPB separation forced by expression of
Spc721–276-Cnm67 would disrupt the temporal asymmetry
otherwise highlighted by Dyn1-GFP. Wild-type cells followed
the characteristic pattern by which the SPB delaying acquisi-
tion of the label (Figure 3A, blue arrowheads at 3 min, left
cell, and 13 min, right cell) became the pole intended for the
mother cell (Figure 3A at 23 min, blue arrowheads). The
absence of nucleation from the bridge did not disrupt this
Figure 3. Spc721–276-Cnm67 Causes aMT Organization by the New SPB at the Onset of Spindle Assembly
(A and B) Selected frames from time-lapse series of the indicated strains expressing a Dyn1-GFP fusion [6]. (A) Asymmetric Dyn1-GFP acquisition and lag in
aMT organization at the new SPB relative to spindle assembly, characteristic of wild-type cells. Initially, the bulk of the label associates with the old SPB in
contact with the bud via aMTs (left cell, 0–2min; right cell, 0–12min). The first phase of SPB separation is not visible with this label. Once the poles arew1 mm
apart, the new SPB begins to acquire the label (left cell at 3 min and right cell at 13 min, blue arrowheads) and decorates newly formed aMTs. The pole that
exhibited the delay in Dyn1-GFP acquisition is destined to the mother cell (at 23 min, blue arrowheads). (B) Symmetric Dyn1-GFP acquisition at the onset of
SPB separation in a kar1D15 cnm67D SPC721–276-CNM67 cell. SPB separation was visible in this cell (green arrowheads), and aMTs emerging from both
poles initially contacted the bud. With a delay, aMT dynamic attachments from each pole partitioned to the mother cell and bud, respectively, and spindle
alignment took place coincident with spindle elongation. Figures S3A and S3B illustrate the Dyn1-GFP label in kar1D15 cells.
(C) Modes of Dyn1-GFP label at spindles poles at the onset of spindle assembly, scored in time-lapse series of wild-type (n = 20), kar1D15 (n = 43), and
kar1D15 cnm67D SPC721–276-CNM67 (n = 60) cells.
(D) Frequency of cells in which the spindle pole contacting the bud tip switched identity at least once during the recording (e.g., Figure S3C), scored in time-
lapse series. In wild-type or kar1D15 cells, identity switch was essentially not observed.
(E) Frequency of correct spindle polarity (i.e., only one pole in contact with the bud) prior to the onset of spindle elongation at anaphase, scored in time-lapse
series. Most cells expressing Spc721–276-Cnm67 experienced symmetry breaking despite the initial presence of aMTs at both spindle poles.
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sition at the pole destined to the mother cell (Figures S3A and
S3B). Thus, the pattern of aMT organization, like Spc72 asym-
metry, was inherent to the SPB outer plaques. However,
kar1D15 cells consistently initiated Dyn1-GFP acquisition at
the new SPB 10 6 2 min closer to onset of anaphase than
wild-type cells (Figure S3). This difference remarkablyparalleled the lack of nucleation sites otherwise inherited by
the half-bridge of the new SPB, as revealed by Spc72 localiza-
tion studies (Figures 1C–1H).
Demonstrating the significance of symmetric gTC recruit-
ment, kar1D15 cnm67D SPC721–276-CNM67 cells exhibited
Dyn1-GFP label at both spindle poles at the onset of spindle
assembly (Figures 3B and 3C). Both poles were visible during
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ated aMTs aimed at the bud (7–16 min). The spindle alternated
the pole in contact with the bud tip until symmetry breaking
occurred. Identity switching (i.e., spindles exchanging the
pole contacting the bud via aMTs) was absent in wild-type or
kar1D15 cells judged by this label (Figure 3D), whereas it
was a prevalent dynamic behavior in the presence of the fusion
(Figure 3D and Figure S3C). Nevertheless, following symmetry
breaking, the spindle eventually aligned shortly before or dur-
ing early stages of spindle elongation (Figures 3B and 3E).
Similar overall dynamics were observed when the fusion was
expressed inKAR1 cnm67D cells (as the fusion cannot localize
to the bridge [25]).
The presence of symmetric attachments and pole identity
switching during spindle assembly raised the possibility that
the fusion may perturb the pattern of SPB inheritance based
on history. Indeed, already in preanaphase cells exhibiting ori-
ented spindles (e.g., Figure 2B, e and f versus g and h), SPBbud
identity no longer correlated with the old SPB. Thus, the ability
of Spc721–276-Cnm67 to randomize SPB fate, as highlighted by
the Dyn1-GFP label, was evident with other readouts. In
conclusion, symmetric nucleation at the onset of SPB separa-
tion allowed aMTs from both poles to respond to spatial cues
from the bud tip and gain access to the bud, a dynamic
behavior that uncoupled SPB history and fate, emphasizing
the significance of asymmetric SPB function in the program
that designates the old SPB to become the SPBbud in interplay
with aMT capture by cortical landmarks.
Cells Expressing Spc721–276-Cnm67Randomize theChoice
of the SPBbud by Kar9
One outstanding property of Kar9 is its inherent ability to
rebuild polarity when cells recover from either actin or MT
depolymerization, two treatments known to cause nearly ab-
solute Kar9 symmetry. The respective requirement for actin
and MTs is direct, as it is not relieved by inactivation of cell
morphogenesis or spindle checkpoints [27, 31]. In either
case, Kar9 dynamics during recovery are best explained by
the polarity arising from positive reinforcement of Kar9 recruit-
ment to the SPB stochastically engaging in iterative cycles of
aMT plus-end delivery to the bud. Thus, both treatments
randomize the SPB singled out by Kar9 [5, 27].
We therefore examined Kar9-GFP3 localization to establish
any impact of aMTs present at both SPBs at the onset of spin-
dle assembly without other perturbations. First, asynchronous
populations of wild-type or SPC721–276-CNM67 cells express-
ing Kar9-GFP3 and Spc42-mCherry were analyzed for modes
of Kar9 localization. Overall, short spindles of wild-type cells
exhibit strong polarity with four modes of Kar9-GFP3 label
[27]: only one pole marked (Figure 4A, a and b), strongly asym-
metric (c and d), partially symmetric (e and f), and symmetric (g
and h). SPC721–276-CNM67 cells supported the polarization of
Kar9 (Figure 4A, i–n) and yet exhibited a marked increase in
Kar9 localization to both SPBs and excess symmetry
(w80%, compared to 30% in wild-type, Figure S4A). More-
over, polarization of Kar9 to the SPBbud no longer correlated
with the old SPB (e.g., Figure 4A, i versus j–m, arrowheads
point to the newSPB showing Kar9-biased localization). Quan-
titative analysis of label intensities validated these observa-
tions (Figures S4 B–S4E).
Second, time-lapse analysis was performed in wild-type
versus cnm67D SPC721–276-CNM67 cells (Figures 4B–4D and
Figures S4F–S4H). Wild-type cells exhibited Kar9 recruitment
at one or both SPBs at the onset of SPB separation (Figures4C and S4). Crucially, Kar9 localization was biased toward
the old SPB already at this stage and led to fast establishment
of spindle polarity (Figures S4F and S4G) without changes in
SPB identity throughout, consistent with the analysis of aMT
dynamics using Dyn1-GFP (Figure 3). Thus, virtually 100% of
cells recorded Kar9 polarized to the old SPB prior to anaphase
(Figure 4C, inset).
The significance of aMT asymmetric organization for pro-
moting this bias became clear upon analysis of cnm67D
SPC721–276-CNM67 cells. With aMT symmetry from the outset
and contacts from both poles partitioning into the bud, Kar9
was more symmetric as SPBs separated (Figures 4B and
S4H) and took a variable time to break symmetry on a cell-
by-cell basis (Figure 4C). The interval required could extend
past metaphase, resulting in misaligned spindles initiating
elongation in 25% of cells recorded. As shown in Figure 4D,
the stochastic engagement of the new SPB in aMT sliding re-
positioned the spindle while Kar9 label became rapidly polar-
ized to this SPB (2–6min). Therefore, our data strongly support
the idea that the temporal asymmetry in aMT organization
plays a significant upstream role in linking SPB historical iden-
tity with bud-ward fate enforced by Kar9 polarity.
Cells Expressing Spc721–276-Cnm67 Support Correct
Polarization of the MEN Regulator Bfa1 to the Committed
Bud-ward Pole
The asymmetric localization of regulators of the MEN to the
committed bud-ward pole conveys a layer of extrinsic polarity
for coupling spindle elongation and chromosomal segregation
across the bud neck with mitotic exit [45–47]. Inactivation of
the MEN results in late-anaphase arrest, with spindles unable
to disassemble. Conversely, failure to inhibit the MEN by
perturbation of signaling by the spindle-position checkpoint
[48] results in unchecked spindle disassembly whether orien-
tation has been achieved across the bud neck or not. The
SPB sets up the stage for this surveillance mechanism by sup-
porting the polarized association of key regulators such as
Bfa1 to the SPB entering the bud. Instead, spindle misalign-
ment results in symmetric marking by Bfa1 and cell-cycle
block. Disruption of the outer plaque by cnm67mutations ab-
rogates checkpoint arrest in response to misaligned spindles,
whereas nud1 mutations reveal an essential role for Nud1 in
activation of the MEN [25]. As stated above, that requirement
cannot be bypassed by Spc721–276-Cnm67, which never-
theless suppressed cnm67D and retained correct Nud1 local-
ization. Indeed, no perturbation of mitotic-exit control was
otherwise noted, demonstrating that the essential role of
Nud1 for mitotic exit had been preserved. Furthermore, the
checkpoint was indeed operant (Figure S2).
To further preclude that the manipulation rendering SPBs
symmetric regarding their ability to nucleate aMTsmight affect
extrinsic asymmetries linked to the spindle-position check-
point, we determined Bfa1 localization in wild-type versus
SPC721–276-CNM67 cells. Bfa1 favored the SPBbud in cells
with correctly aligned spindles (Figure 5A, a and b) and ex-
hibited increased symmetry inmisoriented spindles (Figure 5A,
c). The Bfa1-GFP label was also polarized in response to spin-
dle alignment to the SPBbud in SPC72
1–276-CNM67 cells, irre-
spective of SPB identity being randomized. Accordingly, the
SPBbud carrying the prominent Bfa1-GFP label no longer
correlated with the old SPB (e.g., Figure 5A, e versus f). Impor-
tantly, Bfa1 marked symmetrically misaligned short or elon-
gated spindles of cells expressing the fusion, consistent with
a proficient checkpoint response (Figure 5A, g, and Figure 5B).
Figure 4. Kar9 Polarization Is Delayed in Cells Expressing Spc721–276-Cnm67
(A) Representative images formodes of Kar9 localization in wild-type versus cnm67DSPC721–276-CNM67. Scale bars represent 2 mm. Inwild-type cells, Kar9
favored the old SPB in spindlesmarked at one pole (a and b) or exhibiting strongly asymmetric label (c and d). In addition, cells at the onset of SPB separation
could exhibit partially symmetric (e and f) or symmetric (g and h) label. In the presence of Spc721–276-Cnm67, Kar9 became polarized to a single SPB (i–k) or
strongly polarized (l–n), yet the single label could also favor the new SPB (arrowheads). Partially symmetric (o and p) and symmetric (q) label persisted in late
stages of spindle assembly. For quantitative analysis in cell populations, see Figures S4A–S4E.
(B) Modes of Kar9-GFP3 label at the onset of SPB separation scored from time-lapse series of wild-type versus cnm67D SPC72
1–276-CNM67 cells (n > 41).
Wild-type cells already showed a strong bias for the old SPB as the SPBs separated. By contrast, cells carrying the fusion exhibited substantial symmetry
and no initial bias linked to SPB history.
(C) Distribution of cells recorded according to the time required for Kar9 polarization after SPB separation (n > 35). Relative towild-type, cnm67DSPC721–276-
CNM67 cells delayed the establishment of spindle polarity in terms of Kar9 localization to the SPBbud. Inset: Percentage of cells polarizing Kar9 to the old
SPB prior to anaphase spindle elongation (n > 50).
(D) Delayed Kar9 polarization resulted in symmetry breaking partway through anaphase in SPC721–276-CNM67 cells (25% cells recorded, n = 50). A cell
exhibiting partially symmetric Kar9-GFP3 label during the elongation of a misaligned spindle achieved orientation through rescue by an aMT sliding at
the bud cell cortex that brought the new SPB into the bud. Kar9-GFP3 label was reinforced in this pole and disappeared from the pole in the mother cell.
Numbers indicate the time elapsed in minutes. The scale bar represents 2 mm. Additional time-lapse series for Kar9 localization in wild-type and
cnm67D SPC721–276-CNM67 cells are shown in Figures S4F–S4H.
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1316Similarly, we did not observe failure to restrain mitotic exit in
cells with misaligned spindles during the time-lapse analysis
(n = 30). In conclusion, cells expressing the fusion displayed
symmetric aMT organization, yet they were proficient in polar-
izing a MEN regulator and controlling mitotic exit.
Discussion
Intrinsic Outer-Plaque Asymmetry Links SPB Identity and
the Pattern of Inheritance
In S. cerevisiae, spindle orientation requires aMTs [49, 50].
Moreover, MT poisons randomize SPB identity otherwise
linked to history [5]. Themost prominent feature linking spindle
morphogenesis with polarity is the temporally asymmetric or-
ganization of aMTs by the ‘‘old’’ versus ‘‘new’’ SPB. Throughthis asymmetry, only the old SPB engages with preestablished
cortical landmarks, promoting aMT capture at the site of bud
emergence [19]. The commitment of one pole to enter the
bud prior to spindle assembly is faithfully depicted by Dyn1-
GFP decoration of aMTs [6]. The same assay highlights de
novo aMT organization by the new SPB after spindle assem-
bly, a restriction that is critical for confining the new pole to
the mother cell [6, 51].
Kar9 enforces SPB asymmetry at two levels. First, by deliv-
ering aMT plus ends during bud growth, it helps orient the
duplicated SPBs facing the bud neck from late G1 phase.
This configuration is key to the role played by the bud tip
and bud neck in partitioning aMT contacts later [19]. Second,
Kar9 is set to bias the old SPB (Figure 4) from the outset and
to respond to the interplay between aMT organization and
Figure 5. Correct Polarization of Bfa1-GFP to the SPBbud in Response to
Spindle Alignment Is Preserved in Cells Expressing Spc721–276-Cnm67
(A) Overlays of fluorescence images along with linescan analysis of
cells expressing Bfa1-GFP (in green) and either Cnm67-mCherry (a–c) or
Spc721–276-Cnm67-mCherry (d–g) fusions (in magenta). Upon spindle
alignment, Bfa1-GFP marked the SPBbud (a, b, and d–f; yellow arrowheads)
but remained symmetric in misaligned spindles (c and g). In the presence of
Spc721–276-Cnm67, Bfa1-GFP marking of the SPBbud was uncoupled from
SPB history (old versus new). Scale bars represent 2 mm.
(B) Distribution of cells according to spindle alignment and Bfa1-GFP
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1317cortical landscape that commits the old SPB to the bud during
spindle assembly [19]. A recent study suggests that Kar9
phosphorylation somehow linked to theMEN-specific function
of Nud1 may additionally enforce this commitment later in
the cell cycle, whereas Nud1 structural contribution to aMT
organization is dismissed [37]. Importantly, Kar9 cannot high-
light SPB asymmetry unless engaged in Myo2-dependent
transport [27].
Is this bias to the old SPB mechanistically associated to
asymmetries built into the SPB duplication cycle? The first
landmark event priming SPB duplication occurs in late G1
phase when a satellite forms at the distal end of an extended
bridge connected to the ‘‘old’’ SPB [15, 16, 23]. The satellite
contains SPB components Spc42, Spc29, Nud1, and Cnm67
[41]. During this time, aMTs still originate at the old SPB outer
plaque and the bridge [23, 52]. The satellite then expands and
inserts in the nuclear envelope. The ‘‘new’’ SPB will then
mature and gain MT nucleation activity. At this ‘‘side-by-
side’’ stage, nuclear MTs emanate from both SPBs, whereas
aMTs may originate from the bridge and outer plaque [23,
52, 53]. Interestingly, model reconstructions based on tomog-
raphy studies suggest that aMTs originate from only one SPB
outer plaque and the bridge [52].
Here we show that the structural basis for asymmetric orga-
nization of aMTs is intrinsically linked to the SPB cycle, in that
the new SPB outer plaque acquires the gTC receptor Spc72,
and thus, the ability to nucleate aMTs after spindle assembly
begins. It is surprising that asymmetry in gTC recruitment is
also apparent. Current models estimate that haploid cells will
contain w22 nuclear MTs and 3–5 aMTs per SPB following
spindle assembly, with the distribution of gTC between inner
and outer plaques presumed to correlate with those numbers.
Yet the precise timing of acquisition of this nucleation capacity
by the new SPB and the partition of gTC between inner and
outer plaque remain unknown. Three-dimensional ultrastruc-
tural analysis points to early stages in spindle assembly also
proceeding with an asymmetric distribution of nuclear MTs
[54, 55]. Assuming that SPB maturation underlies acquisition
of nucleation capability, the temporality suggested by our
study may indicate that maturation is compartmentalized
and proceeds separately at the inner and outer plaques to
correctly coordinate spindle assembly with polarity establish-
ment. Asymmetric labeling by GFP-Spc98nls2 confirms that, at
least in part, nucleation sites at the cytoplasmic side of the
SPB contribute toward asymmetry. Moreover, kar1D15 cells
displayed the correct pattern of SPB inheritance (Figure 1),
consistent with their ability to retain Spc72 localization during
unperturbed G1 phase [24]. Accordingly, live-imaging micro-
scopy showed that kar1D15 cells direct duplicated SPBs
toward the site of bud emergence without apparent disconti-
nuities. It follows that the contribution of nucleation by the
bridge, as uncovered by this mutant, may be dispensable for
tethering the old SPB to the incipient bud and for correct
SPB inheritance (Figure S1).
The biological significance of the asymmetries uncovered
here is demonstrated by the impact of forcing the symmetric
recruitment of the gTC. The ensuing temporal symmetry in
aMT organization uncoupled SPB history and fate, as bothpolarization. The frequency of preanaphase spindle misalignment was
13% in wild-type cells and 49% in cnm67D SPC721–276-CNM67 cells (n >
350 cells). The frequency of misaligned elongated anaphase spindles in
the presence of the fusion was 19%, whereas wild-type cells displayed fully
oriented spindles at this time (n > 250).
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window in which dominant spatial cues direct aMT capture to
the bud tip. Furthermore, the bias for Kar9 recruitment at the
old SPB was also lost, but not the inherent ability of Kar9 to
help promote symmetry breaking and spindle alignment. Simi-
larly, the extrinsic polarity staging the spindle-position check-
point was intact. We therefore propose that, on the basis of a
structural asymmetry built into the SPB cycle, the presence of
aMTs at the old SPB represents the most upstream event con-
necting SPB history and fate in budding yeast.
Spindle Pole Intrinsic Structural Asymmetry: ‘‘Old’’ versus
‘‘New’’
The orientation of the mitotic spindle in self-renewing asym-
metric stem cell divisions in Drosophila is also based on
inherent functional asymmetry between centrosomes.
Remarkably, one centrosome retains MT organization in inter-
phase and associates with a designated area of the cortex,
whereas the second centrosome moves away. Drosophila
male germline stem cells orient the spindle perpendicular to
the edge of a hub of somatic cells and retain the ‘‘old’’ centro-
some at the junction between the stem cell and the hub [9]. By
contrast, inDrosophila neuroblasts it is the ‘‘new’’ centrosome
that remains targeted to the apical cortex [56, 57]. The signifi-
cance of the opposite patterns of inheritance remains a mys-
tery. In striking parallel to the yeast scenario, male germline
stem cells respond by anchoring the old centrosome [9] to a
preestablished, extrinsic landmark set by the geometry of
the tissue. Meanwhile, autonomous asymmetric cell fate in
neuroblasts persists even when centrosome identity is ran-
domized without affecting cell division, as is the case in yeast
[5, 58]. In neuroblasts, spindle orientation is reset with respect
to the apical-basal axis, such that differentiating daughters are
clustered on the basal side. Despite this stereotyped program,
MTs of the interphase centrosome specify the apical cortical
domain [59]. Conversely, determinants at the apical cortex in-
fluence MT retention by the centrosome. This shifts the
emphasis toward crosstalk between the centrosome and the
apical cortex, effectively coupling spindle orientation with
the configuration of polarized cortical crescents. This instruc-
tive role of the cell cortex is also apparent in yeast [27, 37]. In
neuroblasts, a specialized centrosome cycle is in effect, based
on early separation of single centrioles and the incorporation
of Centrobin (CNB) [58] by the new (daughter) centriole. Signif-
icantly, phosphorylation is required for CNB-mediated reten-
tion of MTs in interphase and asymmetric fate but has no
role in controlling CNB asymmetric recruitment. It follows
that structural asymmetry must be linked to MT organization
to translate into differential fate.
From these two contrasting fly systems and the understand-
ing promoted by the yeast model, important lessons emerge
toward a general view of centrosome control as exploiting
structural asymmetries built into the centrosome cycle to
govern fate in asymmetric divisions of stem cells. In remark-
able parallel to the yeast scenario and the spatial constraints
sharedwith theDrosophilamale germline, asymmetric-centro-
some inheritance based on the distinctive features of the ‘‘old
centrosome’’ directs asymmetric cell divisions of neural pro-
genitors in the mouse neocortex [11]. In this case, the old
centrosome is retained by progenitor cells, and the new
centrosome is acquired by differentiating cells. Moreover,
depletion of ninein (a mature mother centriole marker impli-
cated in MT anchorage) disrupted both the pattern of inheri-
tance and asymmetric cell division, with concomitant loss ofprogenitor cells [11]. These findings strongly support the
view that a pattern of inheritance based on the intrinsic ability
of the ‘‘old centrosome’’ to retain MT organization may be a
general principle in self-renewing asymmetric stem cell divi-
sions. The next challenge will be to achieve a comprehensive
understanding of the integration between cytoskeletal sys-
tems and cell-cycle control and of how this translates into
asymmetric fate.Experimental Procedures
Experimental details are reported in the Supplemental Information.Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be foundwith this article online at http://dx.doi.org/
10.1016/j.cub.2013.05.057.
Acknowledgments
We thank Elmar Schiebel and RitaMiller for their gift of strains and plasmids,
Jeremy Sitbon and Colin Hockings for contributing constructs for this
project, members of the Lindon, Welch, and Glover laboratories for fruitful
discussions, and the anonymous reviewers for critical reading of the manu-
script. M.A.J. was partly supported by a postdoctoral fellowship from the
Fundacio´n Ramo´n Areces (Spain). H.T. was supported by an S.P.H. John-
son undergraduate bursary, and Z.G. was supported by a CSC Cambridge
International Scholarship.
Received: March 11, 2013
Revised: May 1, 2013
Accepted: May 29, 2013
Published: June 27, 2013
References
1. Pelletier, L., and Yamashita, Y.M. (2012). Centrosome asymmetry and
inheritance during animal development. Curr. Opin. Cell Biol. 24,
541–546.
2. Tanenbaum, M.E., and Medema, R.H. (2010). Mechanisms of centro-
some separation and bipolar spindle assembly. Dev. Cell 19, 797–806.
3. Go¨nczy, P. (2008). Mechanisms of asymmetric cell division: flies and
worms pave the way. Nat. Rev. Mol. Cell Biol. 9, 355–366.
4. Siller, K.H., and Doe, C.Q. (2009). Spindle orientation during asymmetric
cell division. Nat. Cell Biol. 11, 365–374.
5. Pereira, G., Tanaka, T.U., Nasmyth, K., and Schiebel, E. (2001). Modes of
spindle pole body inheritance and segregation of the Bfa1p-Bub2p
checkpoint protein complex. EMBO J. 20, 6359–6370.
6. Shaw, S.L., Yeh, E., Maddox, P., Salmon, E.D., and Bloom, K. (1997).
Astral microtubule dynamics in yeast: a microtubule-based searching
mechanism for spindle orientation and nuclear migration into the bud.
J. Cell Biol. 139, 985–994.
7. Rusan, N.M., and Peifer, M. (2007). A role for a novel centrosome cycle in
asymmetric cell division. J. Cell Biol. 177, 13–20.
8. Rebollo, E., Sampaio, P., Januschke, J., Llamazares, S., Varmark, H.,
and Gonza´lez, C. (2007). Functionally unequal centrosomes drive spin-
dle orientation in asymmetrically dividing Drosophila neural stem cells.
Dev. Cell 12, 467–474.
9. Yamashita, Y.M., Mahowald, A.P., Perlin, J.R., and Fuller, M.T. (2007).
Asymmetric inheritance of mother versus daughter centrosome in
stem cell division. Science 315, 518–521.
10. Pereira, G., and Yamashita, Y.M. (2011). Fly meets yeast: checking the
correct orientation of cell division. Trends Cell Biol. 21, 526–533.
11. Wang, X., Tsai, J.W., Imai, J.H., Lian, W.N., Vallee, R.B., and Shi, S.H.
(2009). Asymmetric centrosome inheritance maintains neural progeni-
tors in the neocortex. Nature 461, 947–955.
12. Gonzalez, C. (2007). Spindle orientation, asymmetric division and
tumour suppression in Drosophila stem cells. Nat. Rev. Genet. 8,
462–472.
Intrinsic Spindle Pole Asymmetry Sets Inheritance
131913. Gonzalez, C. (2013). Drosophila melanogaster: a model and a tool to
investigate malignancy and identify new therapeutics. Nat. Rev.
Cancer 13, 172–183.
14. Wodarz, A., and Na¨thke, I. (2007). Cell polarity in development and can-
cer. Nat. Cell Biol. 9, 1016–1024.
15. Byers, B. (1981). Cytology of the yeast life cycle. In The Molecular
Biology of the Yeast Saccharomyces: Life Cycle and Inheritance, J.N.
Strathern, E.W. Jones, and J.R. Broach, eds. (Cold Spring Harbor, N.
Y.: Cold Spring Harbor Laboratory), pp. 59–96.
16. Winey, M., and Bloom, K. (2012). Mitotic spindle form and function.
Genetics 190, 1197–1224.
17. Segal, M., and Bloom, K. (2001). Control of spindle polarity and orienta-
tion in Saccharomyces cerevisiae. Trends Cell Biol. 11, 160–166.
18. Segal, M., Bloom, K., and Reed, S.I. (2002). Kar9p-independentmicrotu-
bule capture at Bud6p cortical sites primes spindle polarity before bud
emergence in Saccharomyces cerevisiae. Mol. Biol. Cell 13, 4141–4155.
19. Huisman, S.M., and Segal, M. (2005). Cortical capture of microtubules
and spindle polarity in budding yeast - where’s the catch? J. Cell Sci.
118, 463–471.
20. Kollman, J.M., Merdes, A., Mourey, L., and Agard, D.A. (2011).
Microtubule nucleation by g-tubulin complexes. Nat. Rev. Mol. Cell
Biol. 12, 709–721.
21. Schiebel, E. (2000). gamma-tubulin complexes: binding to the centro-
some, regulation and microtubule nucleation. Curr. Opin. Cell Biol. 12,
113–118.
22. Pereira, G., Knop, M., and Schiebel, E. (1998). Spc98p directs the yeast
gamma-tubulin complex into the nucleus and is subject to cell cycle-
dependent phosphorylation on the nuclear side of the spindle pole
body. Mol. Biol. Cell 9, 775–793.
23. Byers, B., and Goetsch, L. (1975). Behavior of spindles and spindle pla-
ques in the cell cycle and conjugation of Saccharomyces cerevisiae.
J. Bacteriol. 124, 511–523.
24. Pereira, G., Grueneberg, U., Knop, M., and Schiebel, E. (1999).
Interaction of the yeast gamma-tubulin complex-binding protein
Spc72p with Kar1p is essential for microtubule function during karyog-
amy. EMBO J. 18, 4180–4195.
25. Gruneberg, U., Campbell, K., Simpson, C., Grindlay, J., and Schiebel, E.
(2000). Nud1p links astral microtubule organization and the control of
exit from mitosis. EMBO J. 19, 6475–6488.
26. Schaerer, F., Morgan, G., Winey, M., and Philippsen, P. (2001). Cnm67p
is a spacer protein of the Saccharomyces cerevisiae spindle pole body
outer plaque. Mol. Biol. Cell 12, 2519–2533.
27. Cepeda-Garcı´a, C., Delgehyr, N., Juanes Ortiz, M.A., ten Hoopen, R.,
Zhiteneva, A., and Segal, M. (2010). Actin-mediated delivery of astral mi-
crotubules instructs Kar9p asymmetric loading to the bud-ward spindle
pole. Mol. Biol. Cell 21, 2685–2695.
28. Huisman, S.M., Bales, O.A., Bertrand, M., Smeets, M.F., Reed, S.I., and
Segal, M. (2004). Differential contribution of Bud6p and Kar9p to micro-
tubule capture and spindle orientation in S. cerevisiae. J. Cell Biol. 167,
231–244.
29. Pearson, C.G., and Bloom, K. (2004). Dynamic microtubules lead the
way for spindle positioning. Nat. Rev. Mol. Cell Biol. 5, 481–492.
30. Liakopoulos, D., Kusch, J., Grava, S., Vogel, J., and Barral, Y. (2003).
Asymmetric loading of Kar9 onto spindle poles and microtubules en-
sures proper spindle alignment. Cell 112, 561–574.
31. Maekawa, H., and Schiebel, E. (2004). Cdk1-Clb4 controls the interac-
tion of astral microtubule plus ends with subdomains of the daughter
cell cortex. Genes Dev. 18, 1709–1724.
32. Maekawa, H., Usui, T., Knop, M., and Schiebel, E. (2003). Yeast Cdk1
translocates to the plus end of cytoplasmic microtubules to regulate
bud cortex interactions. EMBO J. 22, 438–449.
33. Moore, J.K., and Miller, R.K. (2007). The cyclin-dependent kinase
Cdc28p regulates multiple aspects of Kar9p function in yeast. Mol.
Biol. Cell 18, 1187–1202.
34. Leisner, C., Kammerer, D., Denoth, A., Britschi, M., Barral, Y., and
Liakopoulos, D. (2008). Regulation of mitotic spindle asymmetry by
SUMO and the spindle-assembly checkpoint in yeast. Curr. Biol. 18,
1249–1255.
35. Meednu, N., Hoops, H., D’Silva, S., Pogorzala, L., Wood, S., Farkas, D.,
Sorrentino, M., Sia, E., Meluh, P., and Miller, R.K. (2008). The spindle
positioning protein Kar9p interacts with the sumoylation machinery in
Saccharomyces cerevisiae. Genetics 180, 2033–2055.36. Hu¨ls, D., Storchova, Z., and Niessing, D. (2012). Post-translational mod-
ifications regulate assembly of early spindle orientation complex in
yeast. J. Biol. Chem. 287, 16238–16245.
37. Hotz, M., Leisner, C., Chen, D., Manatschal, C., Wegleiter, T., Ouellet, J.,
Lindstrom, D., Gottschling, D.E., Vogel, J., and Barral, Y. (2012). Spindle
pole bodies exploit the mitotic exit network in metaphase to drive their
age-dependent segregation. Cell 148, 958–972.
38. Johnson, J.M., Jin, M., and Lew, D.J. (2011). Symmetry breaking and the
establishment of cell polarity in budding yeast. Curr. Opin. Genet. Dev.
21, 740–746.
39. Mullins, R.D. (2010). Cytoskeletal mechanisms for breaking cellular
symmetry. Cold Spring Harb. Perspect. Biol. 2, a003392.
40. McNally, F.J. (2013). Mechanisms of spindle positioning. J. Cell Biol.
200, 131–140.
41. Adams, I.R., and Kilmartin, J.V. (1999). Localization of core spindle pole
body (SPB) components during SPB duplication in Saccharomyces cer-
evisiae. J. Cell Biol. 145, 809–823.
42. Delgehyr, N., Lopes, C.S., Moir, C.A., Huisman, S.M., and Segal, M.
(2008). Dissecting the involvement of formins in Bud6p-mediated
cortical capture of microtubules in S. cerevisiae. J. Cell Sci. 121,
3803–3814.
43. Segal, M., Bloom, K., and Reed, S.I. (2000). Bud6 directs sequential
microtubule interactions with the bud tip and bud neck during spindle
morphogenesis in Saccharomyces cerevisiae. Mol. Biol. Cell 11,
3689–3702.
44. Ten Hoopen, R., Cepeda-Garcı´a, C., Ferna´ndez-Arruti, R., Juanes, M.A.,
Delgehyr, N., and Segal, M. (2012). Mechanism for astral microtubule
capture by cortical Bud6p priming spindle polarity in S. cerevisiae.
Curr. Biol. 22, 1075–1083.
45. Bardin, A.J., Visintin, R., and Amon, A. (2000). Amechanism for coupling
exit from mitosis to partitioning of the nucleus. Cell 102, 21–31.
46. Doxsey, S., McCollum, D., and Theurkauf, W. (2005). Centrosomes in
cellular regulation. Annu. Rev. Cell Dev. Biol. 21, 411–434.
47. Pereira, G., Ho¨fken, T., Grindlay, J., Manson, C., and Schiebel, E. (2000).
The Bub2p spindle checkpoint links nuclear migration with mitotic exit.
Mol. Cell 6, 1–10.
48. Caydasi, A.K., and Pereira, G. (2012). SPOC alert—when chromosomes
get the wrong direction. Exp. Cell Res. 318, 1421–1427.
49. Huffaker, T.C., Thomas, J.H., and Botstein, D. (1988). Diverse effects of
beta-tubulin mutations on microtubule formation and function. J. Cell
Biol. 106, 1997–2010.
50. Palmer, R.E., Sullivan, D.S., Huffaker, T., and Koshland, D. (1992).
Role of astral microtubules and actin in spindle orientation and migra-
tion in the budding yeast, Saccharomyces cerevisiae. J. Cell Biol. 119,
583–593.
51. Segal, M., Clarke, D.J., Maddox, P., Salmon, E.D., Bloom, K., and Reed,
S.I. (2000). Coordinated spindle assembly and orientation requires
Clb5p-dependent kinase in budding yeast. J. Cell Biol. 148, 441–452.
52. McIntosh, J.R., and O’Toole, E.T. (1999). Life cycles of yeast spindle
pole bodies: getting microtubules into a closed nucleus. Biol. Cell 91,
305–312.
53. O’Toole, E.T., Winey, M., and McIntosh, J.R. (1999). High-voltage elec-
tron tomography of spindle pole bodies and early mitotic spindles in
the yeast Saccharomyces cerevisiae. Mol. Biol. Cell 10, 2017–2031.
54. O’Toole, E.T., Mastronarde, D.N., Giddings, T.H., Jr., Winey, M., Burke,
D.J., and McIntosh, J.R. (1997). Three-dimensional analysis and ultra-
structural design of mitotic spindles from the cdc20 mutant of
Saccharomyces cerevisiae. Mol. Biol. Cell 8, 1–11.
55. Winey, M., Mamay, C.L., O’Toole, E.T., Mastronarde, D.N., Giddings,
T.H., Jr., McDonald, K.L., and McIntosh, J.R. (1995). Three-dimensional
ultrastructural analysis of the Saccharomyces cerevisiae mitotic spin-
dle. J. Cell Biol. 129, 1601–1615.
56. Januschke, J., Llamazares, S., Reina, J., and Gonzalez, C. (2011).
Drosophila neuroblasts retain the daughter centrosome. Nat Commun
2, 243.
57. Conduit, P.T., and Raff, J.W. (2010). Cnn dynamics drive centrosome
size asymmetry to ensure daughter centriole retention in Drosophila
neuroblasts. Curr. Biol. 20, 2187–2192.
58. Januschke, J., Reina, J., Llamazares, S., Bertran, T., Rossi, F., Roig, J.,
and Gonzalez, C. (2013). Centrobin controls mother-daughter centriole
asymmetry in Drosophila neuroblasts. Nat. Cell Biol. 15, 241–248.
59. Januschke, J., and Gonzalez, C. (2010). The interphase microtubule as-
ter is a determinant of asymmetric division orientation in Drosophila
neuroblasts. J. Cell Biol. 188, 693–706.
